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Conventional optical components are limited to size-scales much larger than the 
wavelength of light, as changes to the amplitude, phase and polarization of the 
electromagnetic fields are accrued gradually along an optical path. However, advances in 
nanophotonics have produced ultrathin, so-called “flat” optical components that beget 
abrupt changes in these properties over distances significantly shorter than the free space 
wavelength.1-8 While high optical losses still plague many approaches,9 phonon polariton 
(PhP) materials have demonstrated long lifetimes for sub-diffractional modes10-13 in 
comparison to plasmon-polariton-based nanophotonics. We experimentally observe a 
three-fold improvement in polariton lifetime through isotopic enrichment of hexagonal 
boron nitride (hBN). Commensurate increases in the polariton propagation length are 
demonstrated via direct imaging of polaritonic standing waves by means of infrared nano-
optics. Our results provide the foundation for a materials-growth-directed approach 
towards realizing the loss control necessary for the development of PhP-based 
nanophotonic devices. 
Due to the long free-space wavelengths in the infrared to terahertz spectral domain, the 
realization of flat and sub-diffractional-scale optical components promises tremendous advances 
in imaging, communications, integrated photonics and waveguides. Truly nanoscale photonic 
elements in the infrared require the use of polaritons – quasiparticles composed of an oscillating 
charge and a photon – that enable the confinement of light to size-scales well below the 
diffraction limit.14,15 In this spectral range, the oscillating charge arises from either free carriers 
within metals and doped-semiconductors (plasmon polaritons, PPs), or ionic charges on a polar 
crystal lattice (phonon polaritons, PhPs).11 Generating these polaritons occurs within materials 
exhibiting a negative real part of the dielectric function, !" ! < 0, which occurs at frequencies 
below the plasma frequency for PPs or between the transverse (TO) and longitudinal (LO) optic 
phonons (the Reststrahlen band) for PhPs. As optical phonons exhibit much longer lifetimes than 
free carriers, the optical losses of PhPs are significantly lower than their PP counterparts. This 
has been experimentally demonstrated by very large quality factors for sub-diffraction optical 
antennas.11-13,16 That said, the fast dispersion of the dielectric function within the Reststrahlen 
band also results in slow group velocities of the PhP modes and thus limits the propagation 
length.10,17 Using isotopically pure materials, we demonstrate significant enhancement in PhP 
propagation, enabling improvements in waveguides and hyperlenses among other potential 
applications.18-21 
Hexagonal boron nitride (hBN) is a polar dielectric material that is particularly well suited for 
nanophotonic components.12,17-19,22-24 As a two-dimensional van der Waals crystal, hBN exhibits 
an extremely large crystalline anisotropy resulting from strong, in-plane covalent bonding of 
boron and nitrogen atoms and weak, out-of-plane, interlayer van der Waals bonding. This gives 
rise to two spectrally distinct bands where PhPs can be supported, designated as the lower (LR, 
~760-820 cm-1) and upper (UR, ~1365-1610 cm-1) Reststrahlen bands.12,23 Further, the strong 
anisotropy results in a large birefringence, where within the Reststrahlen bands, the dielectric 
permittivities along orthogonal crystal axes are not only different, but opposite in sign. Such 
materials are referred to as hyperbolic.25 In the case of hBN, the in-plane permittivity is isotropic 
and is defined with a single value, !!, which is negative (positive) in the UR (LR), while the out-
of-plane component !! is positive (negative). Previous results have shown that the long optical 
phonon lifetimes enabled quality factors in (naturally abundant) hBN nanostructures that are well 
in excess of the highest reported values in PP-based systems.12,24   
The most common point defect and a dominant optic phonon scattering mechanism in hBN is the 
natural isotope variation of boron: ~80% 11B and ~20% 10B (14N is 99.6% abundant). Thus a 
change of only one atomic mass unit represents a ~10% change in the boron mass. Therefore, 
one could anticipate that large increases in optic phonon lifetime could be realized through 
isotopic enrichment. Through the use of isotopically enriched boron powder as one of the 
precursors, hBN crystals with isotope purities as high as 11B=99.2% and 10B=98.7% were grown 
from molten metal solutions (see methods).26,27 The absolute ratio of the two boron isotopes was 
quantified using secondary ion mass spectrometry (SIMS) for several samples of different 
isotopic enrichments, including all samples discussed here. Through comparison of the SIMS-
determined ratios with in-plane TO phonon energies extracted from Raman spectroscopy, a 
relationship was established, allowing the isotopic ratio to be approximated via the Raman shift 
(see Supplementary Information). Further, an estimate of the phonon lifetime was determined 
from the TO phonon Raman linewidth.  In all, 16 different hBN crystals were characterized with 
Raman spectroscopy, five of which are shown in Fig. 1a. A clear spectral shift from the 
naturally-occurring hBN TO phonon energy (~1366 cm-1) is found with isotopic enrichment, 
specifically an increase of  
27 cm-1 to ~1393 cm-1 for 98.7% h10BN (blue curve, Fig 1a) and a decrease of 9 cm-1 to  
1357 cm-1 for 99.2% h11BN (red curve). A corresponding spectral shift in the LO phonons and 
therefore the UR band are also identified, with the band for each material characterized by the 
broad, highly reflective regions in Fig. 1b. In addition, the Raman linewidth narrows 
significantly with increased isotopic purity, with a minimum linewidth achieved for the hBN 
sample with the highest enrichments.  This minimum linewidth was consistent with a factor of 
~3 reduction with respect to the naturally abundant materials (a full table of Raman and SIMS 
results for all crystals studied are provided in the Supplementary Information). Such a reduction 
in the Raman linewidth is indicative of a commensurate increase in the optic phonon lifetime.    
The overall increase in TO phonon lifetime with isotopic purity can be easily discerned from 
Fig. 1c.  Phonon lifetimes are limited by intrinsic three-phonon scattering and by disorder 
scattering from varying isotopic concentrations.  Here we obtained the phonon dispersion 
relations and the anharmonic interactions between phonons from first principles density 
functional theory (DFT), with phonon-isotope scattering represented as mass defects.  This 
approach has been shown to give good quantitative results for phonon dispersions (e.g. Fig. S3 in 
Supplemental Information) and for thermal transport.28,29  The results for phonon lifetimes, !!" 
in bulk hBN obtained in this way are shown in Fig. 1c (open black symbols) as a function of 11B 
concentration and the experimental lifetimes extracted from the Raman spectra in Fig. 1a are 
provided for comparison (solid red symbols).  Good quantitative agreement between theory and 
experiment is obtained, with the exception of the highest enriched samples (11B concentrations 
within a few percent of 0% and 100%). For these crystals, the experimentally determined 
lifetimes appear to saturate near 2 ps, falling short of the ~7.6 ps values predicted for isotopically 
pure materials. To understand the reason for the suppression of the phonon lifetime, additional 
SIMS analysis was performed to determine the carbon and oxygen impurity levels in the 
isotopically enriched samples with respect to the naturally abundant crystals.  While quantitative 
values for the oxygen content could not be ascertained, at least 2-3 orders of magnitude higher 
carbon concentration was found in the highest enriched samples (see Supplementary 
Information). Such an increased carbon concentration, especially in the presence of suppressed 
isotopic scattering, may provide an alternative optic phonon scattering pathway, precluding the 
ability to observe the predicted 7.6 ps lifetimes. Thus, these results imply that even longer 
phonon lifetimes, and further reductions in optical losses, should be possible if carbon impurity 
levels can be suppressed through growth modifications.  
Just as the isotopically enriched crystals exhibit shifted phonon frequencies, shifted Reststrahlen 
bands and increased phonon lifetimes (Fig. 1), they possess infrared dielectric functions unique 
from the naturally abundant material. In an effort to determine these dielectric functions, 
reflectance spectra were collected from the original hBN crystals in a Bruker Hyperion 2000 
FTIR microscope and fit using the commercial WVase software from J.A. Woolam, Inc. The real 
and imaginary components of the permittivities extracted from these fits are provided in Fig. 2a 
and 2b, respectively, for the UR band of the most highly enriched and naturally abundant hBN 
samples. 
As the optical losses of PhPs are intimately tied to the optic phonon scattering rates, the 3-fold 
increase in TO phonon lifetime within the enriched samples should result in similar increases in 
the propagation lengths of the hyperbolic phonon polaritons (HPhPs) they support.  Such 
increases can be clearly identified in the spatial plots of the PhP propagation within ~120 nm 
thick flakes of the highest isotopically enriched hBN with respect to the similar thickness 
naturally abundant material (Fig. 3a-c). These spatial plots were acquired using s-SNOM 
techniques described in methods and elsewhere.4,5,23 HPhP propagation is visualized in these 
experiments by the interference between the SNOM-tip-launched, hBN-flake-edge-launched and 
hBN-flake-edge-reflected HPhPs, resulting in the oscillatory patterns seen in the spatial plots. By 
measuring the periodicity of these oscillations, the HPhP wavelength λHPhP, and therefore the 
compression of the optical fields (in-plane wavevector !) can be determined.  To accommodate 
for the spectral shifts in the dielectric functions between each of the hBN materials, the s-SNOM 
plots presented were collected at frequencies where the magnitude of the real part of the 
dielectric function was approximately the same !" ! ~− 6.25 .  From the qualitative 
comparisons provided in the corresponding line-scans (Fig. 3d) two clear conclusions can be 
drawn: 1) there is a striking increase in the propagation lengths in the highly enriched samples 
and 2) additional higher-frequency oscillations are clearly present in the interference patterns 
observed in the SNOM plots collected from these enriched samples as well.  
The in-plane wavevector, which also determines the out-of-plane confinement, is given by q = 
2π / λHPhP. From the fast Fourier transform (FFT) of each linescan, λHPhP can be determined as a 
function of incident frequency, and thus the magnitudes of ! can be extracted (see Supporting 
Information). The dispersion relationship for the HPhPs can then be determined by plotting ! as 
a function of incident frequency.  Comparison of these experimental values with the calculated 
plots of the HPhP dispersion (Fig. 4), make clear that the extracted dielectric functions provide a 
good estimation of the polaritonic behavior of all three samples, and that these higher-frequency 
oscillatory components correspond to higher-order HPhPs. In these plots, the false color 
correspond to the theoretically predicted optical losses, while the symbols designate the 
experimentally determined values from the s-SNOM measurements.  While higher-order modes 
have been previously reported in three-dimensionally confined hBN nanostructures12,24 and 
within naturally abundant flakes of hBN with high resolution s-SNOM scans,18 in the latter case, 
those modes were only identified very close to the flake edge decayed within a single oscillatory 
cycle, therefore any quantification of the damping was extremely difficult. Here, because these 
higher order modes could be directly discerned in the s-SNOM plots with multiple oscillations, 
up to three higher-order modes were experimentally identified (triangles in Fig. 4), each 
propagating for multiple oscillations, resulting in associated damping similar to those of the 
fundamental HPhP modes.  The shorter propagation lengths measured for these higher order 
modes were therefore only the result of the more highly confined, shorter λHPhP. 
While the s-SNOM plots and linescans provide strong qualitative evidence for increased 
propagation lengths and reduced HPhP damping, to quantify the improvements a direct 
comparison must be realized.  A relevant figure of merit (FOM) may be defined simply as Q = 
Re(q) / Im(q), where Im(q) is proportional to the fitted half-width at half-maximum (HWHM) of 
the spectral linewidths extracted from the FFT of the s-SNOM linescans. Since the enriched 
samples displayed both tip- and edge-launched modes with center frequencies differing by 
approximately a factor of 2, we have applied a numerical filter around the frequency of the tip-
launched polariton. The tip-launched, rather than edge-launched peak was chosen because it 
displayed greater consistency from one data set to another and was generally stronger in 
amplitude. The filtered frequency-space signal was transformed back to real space, corrected for 
the geometric-decay factor proportional to x-1/2, and transformed again into the frequency space. 
The HWHM was extracted from a Lorentzian fit to the resulting profile, as illustrated for a few 
cases in the Supplementary Information. To verify the accuracy of the fitted linewidths from the 
FFT, direct real-space fits of !" !  to the linescans were determined from s-SNOM plots of 
naturally abundant hBN flakes and were found to be in general quantitative agreement.  A full 
description of this analysis is provided in the Supplementary Information.  
 By analyzing the propagating FOM for each of the samples at several incident frequencies, it 
is clear that there is a substantial improvement in the two isotopically enriched samples (blue 
squares and red triangles in Fig. 5a) over the naturally abundant response (purple circles). The 
most reliable data points indicate that the improvement ranges from ~50% to more than a factor 
of 2. While the experimentally observed FOMs are always larger for the enriched samples, the 
overall magnitude of this increase is less than anticipated based on calculations of the FOM 
using the extracted dielectric functions. There are many potential contributing factors to this 
apparent suppression of the FOM and corresponding propagation length, !! (left axis, Fig. 
5b).  Perhaps the most likely reason stems from the significantly smaller size of the enriched 
flakes (~10 µm on a side) with respect to the naturally abundant material (>50 µm on a 
side).  This smaller size causes the detected s-SNOM response to consist of two propagating 
HPhPs, each propagating from opposite edges of the flake that can be observed to meet and thus 
interfere with one another at the flake center.  This causes additional geometrical damping that is 
not inherent to the material and not present in the larger, natural abundant flakes.  Further, this 
smaller size also made it more difficult to identify flakes of the appropriate thickness free from 
defects and ridges within a propagation length of the edge, thus resulting in further geometric 
scattering. Thus, the values of the propagation lengths for the isotopically enriched samples can 
be considered as a lower limit. Even with these physical limitations, the FOM for the 
fundamental mode clearly displays the same trend as the Raman linewidths, the fitted damping 
constants, and the qualitative analysis of the s-SNOM plots.  
While the comparison of !! clearly shows an improvement with isotopic enrichment, we can 
verify that is the case through a more direct comparison of the measured PhP lifetimes to that of 
the TO phonons. The PhP lifetime, !!!! = !!/!!, where !! represents the group velocity and is 
determined by taking the first derivative of the ω-q dispersion relationships (Fig. 4).  Since 
reliable values for !! were only extracted for the principal mode, we confine the comparison to 
the first branch of the dispersion relationship.  The corresponding !!!! plot is given in Fig 5b 
(right axis). An intriguing result is observed in that while !! is longer for the h10BN sample, this 
is compensated by it’s faster !! (see Supplementary Information) due to the broader Reststrahlen 
band.  This leads to the longer !!!! to be found in the h11BN material.  We found that these !!!! 
values are in good agreement with the Raman determined !!" (Fig. 1c), suggesting !!!! can 
indeed approach the upper limit imposed by the phonon lifetimes.  
 Through the isotopic enrichment of hBN, we have experimentally demonstrated three-fold 
increases in !!", and demonstrate that this improvement has resulted in a commensurate increase 
in both the !!!! and !! over the already low-loss naturally abundant hBN crystals.  This was 
observed despite the presence of elevated levels of other point defects (e.g. carbon impurities). 
While these enhancements are significant, first-principles calculations predict that over an order 
of magnitude increase is possible, offering similar improvements in the propagating FOM 
(dashed green line in Fig. 5a). In addition to longer propagation lengths, pronounced higher-
order modes were identified and were maintained for many oscillations, which may extend the 
range of polaritonic applications, for instance in higher transmission, spatial resolution and/or 
resolving power in hBN-based hyperlensing approaches18,19 or where fine spatial filtering of 
broad-band spectral components with high transmission efficiency (see Supplementary 
Information) is desired. While we have demonstrated the potential of isotopic-enrichment for 
enhancing phonon lifetimes using hBN, this methodology can be equally applied to a broad 
range of polar dielectric materials, and is widely applicable over a large spectral range. Further, 
by coupling this approach with other methodologies that offer longer propagation lengths, such 
as electromagnetic hybrids,6,7,10,30 we envision that high-efficiency, multifunctional polaritonic 
devices can result, offering novel opportunities for the next generation of infrared optical 
components.  
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Methods 
h-BN Growth 
Hexagonal boron nitride crystals were precipitated from a nickel-chromium flux at atmospheric 
pressure. 
Crystal growth of hBN with the natural distribution of isotopes  
hBN crystals with the natural distribution of isotopes (20% B-10 and 80% B-11) were produced 
using a hot-pressed boron nitride ceramic boat, which served as both the container for the metal 
flux and as the B and N sources. The flux was a mixture of 50 wt% Ni and 50 wt% Cr powders. 
After loading the crucible, the furnace was evacuated, then filled with N2 and forming gas (5% 
hydrogen in balance argon) to ~ 850 Torr. The N2 and forming gases continuously flowed 
through the system during crystal growth with flow rates of 125 sccm and 25 sccm, respectively. 
The system was heated to 1550 °C for a dwell time of 24 hours. The hBN crystals were formed 
by cooling at a rate of 1 °C /h to 1500 °C, then quenching the process to room temperature. In 
our experiments, forming gas was used to minimize oxygen and carbon impurities that are 
recognized as the main contaminants in hBN crystals.  
B10 and B11-enriched hBN Crystal Growth Method 
Since hot-pressed boron nitride ceramics are only available with the natural distribution of boron 
isotopes, to grow isotopically pure hBN crystals, the procedure had to be modified to use 
elemental boron as a source material. Therefore, the boron nitride boat was replaced with an 
alumina crucible. High purity 10B (99.22 at%) or 11B (99.41 at%) powders were mixed with Ni 
and Cr powders to give overall concentrations of 4 wt% B, 48 wt% Ni and 48 wt% Cr. In this 
case, all nitrogen in the hBN originated from the flowing N2 gas. Other than these changes, the 
procedure was the same as described above.  
Raman Measurements 
Raman measurements were performed using the 532 nm laser line of an argon-ion laser within a 
Renishaw Raman microscope. The < 10 mW laser line was directed at the sample through a 50x, 
0.75 NA objective, with the Raman scattered light being collected back through the same 
objective. The scattered light was dispersed using a 2400 groove/mm grating onto a silicon CCD. 
The spectral position of the Raman lines was calibrated against an internal silicon reference 
sample. For each different hBN sample studied, 6 measurements were performed with the 
average spectral positon, linewidth and standard deviations reported (Supplementary 
Information). 
FTIR Measurements 
Infrared reflectance measurements were performed using a Bruker Hyperion microscope coupled 
to a Bruker Vertex FTIR spectrometer. The measurements were performed using a 15x 
Cassegrain objective and were collected with a spectral resolution of 2 cm-1. The reflectance 
spectra reported were all in reference to an aluminum mirror. 
Extracting the Dielectric Function 
The dielectric function was extracted for the three crystals with 10B 98.8%, 11B 98.7% and 
naturally abundant boron isotope concentrations. This was performed using the infrared 
reflectance spectra collected from the hBN crystals described above.  The WVASE software 
(J.A. Woolam, Inc.) was used to perform the fitting of the reflection spectra and therefore extract 
an accurate estimation of the infrared dielectric function. A biaxial model was used with two 
“TO-LO” oscillators chosen, one each for the ordinary and extraordinary components. Starting 
values were taken from those originally reported in our prior work12 and from the spectral 
positions of the TO phonons and corresponding linewidths extracted from the Raman 
measurements of the same crystals. The best fit parameters are provided in the Supplementary 
Information. 
Phonon Lifetime Calculations 
Bulk hBN lattice parameters (a=2.478Å; c=6.425Å) were determined for the AA’ stacking 
configuration from electronic structure energy minimization using density functional theory in 
the local density approximation.  The harmonic forces, Born charges and dielectric tensor that 
govern phonon dispersions were determined from density functional perturbation theory, while 
the anharmonic forces that govern intrinsic phonon interactions were calculated from 
perturbations of the electronic structure in large super cells.  Transition probabilities for 
anharmonic three-phonon interactions and phonon-isotope interactions are determined from 
Fermi’s golden rule and summed; inverting this gives the phonon lifetimes.  
s-SNOM Measurements and Analysis 
The s-SNOM measurements were performed by focusing the tunable infrared radiation from a 
Daylight Solutions MirCAT quantum cascade laser system onto the metallized atomic force 
microscope (AFM) tip of the NeaSpec s-SNOM instrument. Incident light scatters off of the tip, 
as well as the edge of the hBN flake, providing the necessary change in momentum to12,23 launch 
propagating HPhPs provided the light source is within the Reststrahlen band of the hBN. Due to 
lack of monochromatic laser sources in the LR, our measurements are limited to the UR. The 
peak-to-peak distance of the interference fringes observed within the s-SNOM spatial plots is 
equal to !!"!! and !!"!!/2 for the edge- and tip-launched modes, respectively.  Plotted in Fig. 
3a-c are the s-SNOM plots collected at 1510, 1480 and 1480 cm-1 for the ~120 nm thick 10B 
enriched, naturally abundant, and 11B enriched flakes, for which !" !  = -6.20, -6.25 and -6.3, 
respectively. The strong dispersion in this regime requires that we image at (or close to) identical 
permittivity values, which due to the spectral shift in the optic phonons with changing isotopic 
mass occur at different frequencies for each of the different samples studied. Furthermore, since 
the dispersion of the HPhP modes of hBN is strongly thickness dependent, the presented s-
SNOM results were all collected from 118-120 nm thick flakes on a 280 nm thick SiO2-on-Si 
substrate.  
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Fig. 1: Influence of isotopic enrichment on hBN optic phonons. a 532 nm Raman spectra of hBN
crystals with a variety of isotopic enrichments. A clear reduction in linewidth and spectra shift of the
TO phonon is observed with the highest enrichments. b FTIR reflection spectra of hBN crystals with
98.7% 11B, 98.8% 10B isotopic purity in comparison to a crystal with the naturally abundant 10B/11B
ratio of ~20%/80%. c Optic phonon lifetimes for hBN calculated as a function of 11B enrichment
(black open circles; line is a guide to the eye). Lifetimes determined from the Raman measurements
in a are also plotted (red circles) and show good agreement except at the highest enrichment levels.
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Fig. 2: Influence of isotopic enrichment on hBN dielectric function.  a Real and b imaginary part 
of the dielectric function for hBN for two highly enriched and for naturally abundant material.  The 
values were extracted from reflectance measurements from hBN crystals that were used to exfoliate 
the flakes investigated by s-SNOM. 
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Fig. 3: Measuring polariton propagation as a function of isotopic enrichment. Spatial plots of
the scattering-type scanning near-field optical microscope (s-SNOM) measurements collected from
~120 nm thick hBN flakes of a 10B 98.8%, b naturally abundant and c 11B 98.7%. The scale bar
represents 5 µm. The polaritons were stimulated with a 1510, 1480 and 1480 cm-1 incident laser
source, respectively, corresponding to Re(e)~-6.25 for each. d Linescans extracted from a-c
demonstrate the significantly longer propagation lengths in the enriched in comparison to the
naturally abundant flake. The linescans were all normalized and offset so they could be compared on
the same scale. Further, the presence of multiple frequency components resulting from higher order
modes can be observed in both the raw spatial plots (a-c) and the linescans of the enriched samples
that are absent from the naturally abundant measurements.
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Fig. 4: Dispersion of hyperbolic phonon polaritons in isotopically enriched hBN. The in-plane
wavevector, q, is plotted for the a 98.8% 10B, b naturally abundant and c 98.7% 11B hBN flakes in Fig. 3
as a function of incident frequency. The experimentally extracted fundament and higher order modes
(purple triangles) are superimposed upon the calculated dispersion for each using the dielectric functions
presented in Fig. 2. The loss is qualitatively represented by the breadth and magnitude of the imaginary
part of the reflectivity, rp, provided in the false-color plot of the dispersion relation for each crystal type.
t = 120 nm
h11BN 98.7%hBN Nat. Ab.h10BN 98.8%a b c
t = 118 nmt = 118 nm
1600
1550
1500
1450
1400
α
(c
m
-1
)
q (105 cm-1)
0 62 4 8 0 62 4 8 0 62 4 8
Figure 4
Fig. 5: Quantifying improvements in loss with isotopic enrichments. a The figure of merit
(FOM) as defined in the text is plotted for each of the hBN crystals presented in Fig. 3 as a
function of incident frequency. The experimental values, extracted from the linewidth and
wavevector of each HPhP mode, are plotted for the 10B 98.8% (blue squares), and 11B 98.7%
(red triangles) enriched hBN flakes in comparison to the naturally abundant sample (purple
circles). A clear increase in the FOM is observed for the isotopically enriched samples,
however, while the values extracted from the naturally abundant flake agree quite well with the
theoretically predicted values calculated from the dielectric function in Fig. 2 (purple dashed
line), the values for the isotopically enriched materials fall short of the corresponding
theoretical predictions (red and blue dashed lines). For comparison, the FOM was also
calculated for a 10B with 100% enrichment using the lifetime calculated for such a case in the
absence of additional point defects (green line). b The increases in FOM also result in
commensurate increases in the HPhP propagation lengths (left axis), while extracted HPhP
lifetimes for the three samples agree quite well with the phonon lifetimes extracted from the
Raman linewidth (Fig. 1a).
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